Background:Gastric motility is coordinated by bioelectrical slow waves, and gastric
| INTRODUCTION
Gastric motility is coordinated by slow waves generated and propagated by the interstitial cells of Cajal (ICC).
1 Slow-wave dysrhythmias have been associated with gastric dysmotility, including in gastroparesis, chronic unexplained nausea and vomiting, and functional dyspepsia, and patchy ICC loss can be contributory.
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The pathophysiological significance of gastric dysrhythmias remains uncertain, and there remains no established role for their investigation and treatment in clinical practice. 6, 7 A critical problem has been the lack of accurate diagnostic methods. 8, 9 In recent years, however, high-resolution (HR; "multi-electrode") mapping has emerged as a key advance, enabling more accurate detection, description, and classification of gastric dysrhythmias, 2,10 renewing clinical interest. 7, 11 High-resolution mapping involves the use of dense arrays of electrodes to define slow-wave propagation sequences in fine spatiotemporal detail, 12 as commonly applied in cardiac practice. 13 The major problem in the GI field, however, has been the invasive nature of this technique, which presently requires surgical access to the serosal surface.
14 Human mapping studies, to date, have been performed under general anesthesia by laparotomy or laparoscopy. 2, 15 In order to further progress research, diagnosis, and therapy of gastric dysrhythmias, it is critical to develop a minimally invasive endoscopic approach for gastric HR mapping.
Multiple investigators over several decades have successfully recorded slow waves at focal sites on the gastric mucosa. [16] [17] [18] [19] However, HR mucosal recordings with spatiotemporal mapping
have not yet been achieved. The aim of this study was to investigate the feasibility and potential of mapping slow waves from the gastric mucosal surface, with comparison to simultaneous serosal mapping, in order to: (i) demonstrate proof-of-concept and feasibility of endoscopic gastric electrical mapping, (ii) quantify similarities and differences between serosal and mucosal recordings, and (iii) define opportunities and challenges for endoscopic mapping device design.
| METHODS

| Animalpreparation
Ethical approval for this work was granted by the University of Auckland Animal Ethics Committee. All recordings were performed in vivo on fasted, cross-breed, female, weaner pigs, an established model for slow-wave investigations that exhibits spontaneous dysrhythmias during these experimental conditions, unlike humans. 20, 21 General anesthesia was induced with Zoletil (Tiletamine HCl 50 mg mL −1 and
Zolazepam HCl 50 mg mL −1 ) and maintained with isoflurane. Vital signs were continuously monitored and maintained within the normal range throughout each study, including temperature. At the conclusion of each study, euthanasia was performed by a bolus injection of magnesium sulfate.
| High-resolutionmappingmethods
Serosal reference extracellular recordings were performed using vali- All pigs underwent midline laparotomy. A small transverse incision was then made through the gastric wall, either in the prepyloric region of the distal antrum or the fundus, 21 to allow access to the mucosal surface. For the FPC mucosal mapping studies, a 128-channel FPC electrode array (60 mm × 28 mm) was inserted through the incision and gently positioned against the mucosal surface of the mid-corpus.
A second, identical FPC electrode array was placed on the serosal surface in close opposition to the mucosal FPC array such that both arrays were placed over the same region of the gastric corpus. Gauze packs soaked with warm saline (37°C) were packed behind the mucosal FPC array within the stomach and overlying the serosal FPC array
KeyPoints
• High-resolution electrical mapping has advanced the accurate assessment of gastric dysrhythmias, offering promise as a diagnostic technique, but has been restricted to invasive surgical access to date. This study investigated high-resolution electrical mapping from the gastric mucosal surface as feasibility for endoscopic mapping.
• Slow-wave activity was consistently recorded from the mucosal surface, and propagation was consistent with reference serosal activation pattern, frequency, and velocity, including during dysrhythmias. However, mucosal waveforms exhibited reduced amplitude and wider downstroke width.
• This study demonstrates feasibility of endoscopic highresolution mapping, providing a foundation for advancement of minimally invasive spatiotemporal gastric mapping as a clinical and scientific tool.
to hold the electrodes in contact with the gastric surfaces. Recordings were obtained simultaneously from the FPC electrodes at the mucosa and serosa.
For the mucosal mapping studies using the modified Constellation™ During all recording periods, the wound edges were approximated with clamps to minimize cooling and drying of the stomach, and ventilation was paused for occasional 30-s intervals during recordings to minimize respiratory artifacts. 
| Dataacquisition,signalprocessing,andanalysis
Slow-wave data were acquired as mono-polar recordings via an ActiveTwo system (BioSemi, Amsterdam, The Netherlands) modified for passive recordings. Reference electrodes were placed on the hindquarter thigh, and custom software was used for the acquisition interface, written in LabView (National Instruments, Austin, TX, USA).
Recordings were acquired at 512 Hz, then down-sampled to 30 Hz for analysis, prior to filtering (moving-median and Savitzky-Golay filter;
effective low-pass cut-off of ~2 Hz) to remove baseline drift and highfrequency noise.
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Slow-wave analyses were performed using the Gastrointestinal Electrical Mapping Suite v1.5 (FlexiMap). 23 Slow-wave activation times (ATs) were identified and clustered into propagating cycles using validated automated methods for the serosal data. 24, 25 However, due to the altered morphology of mucosal signals (see Results), manual placement of fiducial markers for slow-wave ATs was required for mucosal data. Slow-wave propagation patterns were then characterized by animation, and mapped as isochronal activation maps. 23 Slow-wave frequency, amplitude, and velocity were calculated using validated algorithms. 26, 27 Velocity calculations from the modified Constellation™ device were performed assuming a uniform inter-electrode spacing of 11.4 mm. Slow-wave downstroke width was calculated as the time difference between the peak and trough of the slow-wave deflection, 
| Statisticalmethods
Results were calculated as mean±SD or SEM, as appropriate, and statistical comparisons were performed using Student's t test (paired for direct serosa vs mucosa comparisons), with a significance threshold of P<.05. Each strand encompassed eight electrodes with a 7-mm inter-electrode spacing. An internal balloon was built into the middle of the basket, enabling deflation of the device (i) for induction into the stomach, and inflation of the device (ii) to achieve and maintain electrode contact with the mucosal surface during recording periods the modified Constellation™ device mucosal recordings). Slow-wave propagation was successfully and routinely mapped at the mucosal surface for both the FPC and modified Constellation™ devices, allowing for a comprehensive comparison of the slow-wave propagation and morphology between data recorded on the mucosal and serosal surfaces. . Slow-wave propagation was consistent between mucosal and serosal recordings. Shown here are two cycles of dysrhythmic slow-wave propagation encompassing retrograde propagation and wavelet rotation around a functional conduction block represented by a thick black line (i, ii), followed by a cycle of antegrade propagation (iii). Activation maps are as described in Figure 2 , but with 1 s isochrones profiles of grouped cycles, across both gastric surfaces and for both devices.
| RESULTS
Data
| Slow-wavepropagation
However, the mapped coverage (ie percent of electrodes that obtained slow wave signals) from the FPC arrays was 23% lower on average from the mucosa than the serosa (P=.001), reflecting a reduced signal quality at the mucosal surface ( Figure 2E ). Most of the reduced contact occurred at the peripheries of the FPC arrays, indicating that incomplete electrode contact was a likely cause. Mapped coverage from the modified Constellation™ device on the mucosa was 38% lower on average than from the serosal reference FPC arrays (P<.001). However, the modified Constellation™ device had a much different electrode array design than the FPCs, and covered the entire gastric circumference including the lesser curvature, which is known to be quiescent in the porcine stomach and thereby decreased the effective mapped coverage of the modified Constellation™ device.
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Comparatively, the reference serosal FPC arrays only covered a portion (approximately 25%) of the circumference, and were positioned near the electrically active greater curvature.
| Slow-wavemorphology
Slow waves recorded from the mucosal surface were markedly at- 
P<.001).
Signal morphology is compared in Figure 6 , which shows average 
| DISCUSSION
The emerging clinical translation of HR electrical mapping is proving a major advance in understanding gastric dysrhythmias, enabling the accurate identification, analysis, and classification of slow-wave initiation and conduction abnormalities. This study demonstrated the feasibility of HR gastric electrical mapping using two different electrode array types, with reference to serosal mapping data from validated methods. 12, 29 Importantly, data mapped at the mucosal surface in this study was found to be consistent with serosal data, in terms of frequency, velocity, and propagation pattern, including for dysrhythmic cases. This finding is important, because the large volume of HR mapping data that has been accrued in recent years was all performed serosally, including descriptions of normal activation patterns, 15,30 dysrhythmia classifications, 2,20 and surgical and therapeutic interventions. 31, 32 This existing body of literature can now be directly translated to aid interpretation of data recorded from the mucosal surface, including for both low-and HR recordings.
Interestingly, dysrhythmias were more prevalent in this study than in past porcine studies, 20 likely a consequence of the additional surgical intervention and handling associated with the intra-gastric incision in this study, 31 although potential effects from the intra-gastric balloon inflation should also be further investigated in the future.
Furthermore, this study has provided a quantitative foundation for mucosal mapping and has identified key differences in signal morphology between serosal and mucosal recordings, which will inform the future design of electrodes and devices, with a focus on improving mucosal signal quality. Data recorded from the mucosa in this study had substantially lower amplitude than serosal data (65%-72%), with a slower downstroke (18%-31%) and attenuated signal morphology, likely a consequence of the passive electrical properties of the mucosal tissue between the source and electrode, essentially serving as a low-pass filter, although further investigation of the electrophysiological mechanism is now required. These effects may render mucosal signal recognition challenging in the human gastric corpus using current methods, because human corpus slow-wave activity has a weaker amplitude than that of pigs. 15, 21 A suitably high signal-to-noise ratio (SNR) and sharp downstroke are key morphological signatures for the reliable application of automated slow-wave analysis algorithms, which make efficient multi-electrode data throughput possible. 24, 25, 33 These methods were not suitable for the mucosal data in this study.
However, now that this study has established foundational data for HR mucosal mapping, analytical algorithms and software could also be modified specifically for improvement of mucosal analysis in the future, for example, by introducing noise-removal algorithms or optimizing detection parameters for the specific mucosal signal morphology, as has been achieved for lower SNR intestinal serosal slow waves. [34] [35] [36] New algorithms for calculating velocity fields from non-uniform electrode grids will also be necessary in the future. For this study, velocity calculations from the modified Constellation™ device were performed assuming a uniform inter-electrode spacing of 11.4 mm, calculated as a representative global average uniform spacing between the 7-mm linear spacing along each spline of the device and the variable, larger circumferential spacing. In future, specific algorithms for calculating velocity profiles from three-dimensional, non-uniform electrode grids will enable more accurate characterization of slow wave propagation from the mucosal surface.
In addition to improvements in detection algorithms, it is likely that advances in electrode design could also help optimize mucosal HR gastric mapping. Improving electrode recordings requires the careful consideration of several factors, including biocompatibility, material properties, charge-transfer, signal stability, ease of use, and sterilization. 14, 37 While FPCs have been a highly successful HR recording platform, including in human clinical studies, previous attempts to improve the SNR of FPCs by altering their electrode contact material yielded no difference in amplitude or SNR. 38 Therefore, new electrode designs may likely be required to improve mucosal signal quality, for example, increased electrode contact area or protruding electrodes.
Other advances will also be needed to miniaturize the arrays to allow delivery of the device through standard endoscopic ports and develop more flexible material to allow optimal placement through a curved endoscope. Integration of an anatomically specific balloon design, like a tapered balloon to fit the decreasing circumference of the gastric antrum, could further improve signal acquisition and quality, and the effects of gastric distention by intra-gastric balloon inflation should be defined. Mapping Catheter (Boston Scientific), which is widely applied in cardiology. 44 This device was readily deployable via an esophagostomy, and was modified by inclusion of an inflatable balloon to achieve and maintain sufficient mucosal contact, a key aspect for recording the relatively low-amplitude mucosal slow-wave events. At endoscopy, such a device could be placed with visual guidance, and endoscopic suction applied to collapse the gastric lumen and improve mucosal contact with the device. Based on the results of this study, other existing approaches for minimally invasive mapping in electrocardiology could also warrant evaluation as potentially suitable techniques for gastric mapping, including non-contact mapping.
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Electrogastrography (EGG) remains as the primary method of non-invasive slow-wave recording, where electrodes are placed on the bodysurface. 6 These methods benefit from their non-invasive approach, but are prone to low SNR and difficulties in interpretation.
As such, analyses of EGG signals have generally been restricted to frequency-based methods, 8 ignoring the accuracy and spatial information necessary for the reliable characterization and diagnosis of spatially complex gastric dysrhythmias, 9 many of which have been observed to occur within the normal frequency range. 2 This study has demonstrated that endoscopic mucosal mapping can provide a minimally invasive approach capable of recording the necessary complex spatiotemporal slow-wave information and providing results consistent with those obtained by the highly accurate but surgically invasive serosal mapping.
In conclusion, this study demonstrates the feasibility of HR endoscopic mucosal slow-wave mapping and provides a quantitative foundation for the further development and human translation of this technology. These results now enable further investigation into improved electrode design, data analysis algorithms, and endoscopically deliverable devices to enable endoscopic mapping to achieve clinical translation as a tool to investigate and diagnose gastric dysrhythmias.
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